Cooperative effects in a one-dimensional network of intermolecular bifurcated hydrogen bonding interactions are investigated by means of ab initio calculations. The trans-trans conformation of the diformamide molecule is used as a basic motif to model a chain of bifurcated H bonds. In this model system, the two proton-acceptor atoms belong to the same molecule. The one-dimensional network is modeled then by periodically stacking up to 12 molecules of the unit motif. Different indicators of H-bond strength such as energetic, structural, dielectric, vibrational frequencies, and isotropic chemicals shifts consistently show significant cooperative effects in the chains. The dissociation energy in the dimer is calculated to be 9.88 kcal/mol, while that of the strongest interaction in the decamer is calculated to be 26.12 kcal/mol ͑164% increase in cooperativity͒. Thus, although three-center H bonds can be viewed as a consequence of proton deficiency, in some cases they may also be viewed as the natural result of an interaction that is itself energetically favorable and capable of competing with the more conventional two-center H bonds. Natural bond orbital analysis reveals substantial charge delocalization within each molecule, and charge transfer along the chains. Interestingly, this charge delocalization makes the system a good candidate for resonance-assisted H bonding which in turn increases the covalent character of this type of bifurcated H-bonding interaction.
I. INTRODUCTION
An important concept in the theory of hydrogen bonding is hydrogen-bond ͑H-bond͒ cooperativity, which is typically described as the nonadditive enhancement of an H bond by the formation of another H bond with either the proton donor or proton acceptor of the first H bond.
1-10 Considerable attention has been given to the study of cooperative effects in molecular clusters containing conventional two-center H bonds, which involve one proton donor and one acceptor. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] Some researchers have investigated the cooperative or nonadditive effects of hydrogen-bonding chains. 18 King and Weinhold 19 showed that even relatively weak proton donors such as HCN could present robust cooperative effects in large linear (HCN) n clusters. Suhai 20 carried out ab initio crystal orbital calculations on quasi-one-dimensional, infinite periodic lattice of water molecules as a first step to model cooperative effects in various modifications of ice. Ludwig et al. 21 found strong cooperative effects in linear clusters of trans-N-methylacetamide; these authors also studied the hydrogen bonding of liquid N-methylacetamide using the quantum cluster equilibrium ͑QCE͒ methodology and suggested the possibility of extending this methodology to a much broader spectrum of H-bonded liquids. Guo et al. 22 investigated many-body effects in systems of peptide H-bonded networks; an encouraging conclusion from these authors is that polarizable molecular mechanics in combination with ab initio and density functional methods could be a useful approach for studying protein structures, thanks in part to the ability of a polarizable molecular mechanics procedure to recover a major portion of cooperative effects. Dannenberg et al. 23 recently reported an unusually high degree of cooperativity for hydrogen-bonding chains of formamide molecules and its implications for protein-folding models.
Cooperative effects in bifurcated H bonds, however, have been much less investigated. Recent studies have discussed cooperative effects in terms of the two-center components of the bifurcated H bond. These studies support the notion that intermolecular bifurcated H-bond formation is a process that gives rise to negative cooperative effects. 24, 25 For intramolecular bifurcated H bonds, examples of negative and positive cooperative effects have been reported. 26 -28 Very few studies of cooperative effects in chains of bifurcated H bonds have been reported. Masunov and Dannenberg 29 investigated one-dimensional hydrogenbonding aggregates, chains and ribbons, of urea and thiourea; these authors found the cooperative interactions for the urea and thiourea chains to be similar, whereas the cooperative interactions for both ribbons were found to be negligible. Wu et al. 30 reported the first experimental determination of the carbonyl 17 O electric-field-gradient ͑EFG͒ tensor and chemical-shift tensor; the strong hydrogen-bonding effects on these quantities were studied by systematically modeling the H-bond network in crystalline urea with several molecular clusters including bifurcated and other multicenter a͒ Author to whom correspondence should be addressed. Electronic mail: rparra1@depaul.edu H bonds. It should be said that the fundamental role of bifurcated H bonds in proteins, DNA crystal structures, and other biologically relevant systems have been amply demonstrated. 31, 32 For example, parallel and antiparallel ␤ sheets have been shown to contain a network of bifurcated H bonds where each carbonyl O atom accepts a pair of H bonds, one from a peptide N-H and one from a C ␣ -H group of the preceding residue. 3, 33 In this paper, we report the cooperative effects in a chain of bifurcated three-center H bonds. Two types of bifurcated H-bond interactions can be distinguished: ͑a͒ one that involves a hydrogen atom and two acceptor atoms ͑denoted A 1 HA 2 ), and ͑b͒ one that involves one acceptor atom and two hydrogen atoms ͑denoted H 1 AH 2 ). The former type is the subject of this paper; the latter type has been modeled using molecular clusters of urea. 29, 30 Cooperative effects are highlighted using several indicators such as the energy per bifurcated H bond, defined as the interaction energy divided by the number of bifurcated H bonds present in the chain. Other indicators of cooperativity are the stretching of the X-H group, the X-H bond length, the H-bond length, the X-H proton chemical shifts, and the chain dipole moment.
II. MODEL SYSTEM
A network of one-dimensional bifurcated H bonds can be built by stacking periodically a structure motif in the direction that favors a bifurcated H-bonding interaction. In this study, we have chosen the trans-trans conformation of the diformamide molecule, dfa, as our basic motif to model a chain of bifurcated H bonds of the A 1 HA 2 type. In this model system, the two proton-acceptor atoms belong to the same molecule as depicted in Fig. 1 .
The one-dimensional network will be modeled then by periodically stacking up to 12 molecules of the unit motif. This size should be sufficient to unravel the basic features of the interactions. The relatively small size of dfa allows for relatively high-level calculations to be performed. It also allows us to focus our attention to the H-bond interactions in great detail as no other major interactions are taking place.
III. COMPUTATIONAL DETAILS
All the computations were carried out using the GAUSS-IAN 98 program. 34 The geometries of the different systems were optimized at the B3LYP/6-31ϩG(d) level. The same level was used to compute harmonic vibrational frequencies and zero-point energy corrections to the electronic energies. The optimized geometries were used to compute single point energy calculations at the MP2/6-31ϩG(d), and MP2/6-311ϩϩG(2d,2p) levels. Natural bond orbital ͑NBO͒ analysis were performed on wave functions calculated at the HF/6-31ϩG(d) level. Finally, 1 H-NMR chemical shielding constants were computed at the B3LYP/6-31 ϩG(d) level. Table I shows the counterpoise-corrected interaction energies, ⌬E, of the fully optimized linear clusters up to nϭ5 computed using the 6-31ϩG(d) and the 6-11 ϩϩG(2d,2p) basis sets. Both basis sets give MP2 values that are within 0.20 kcal/mol. Except for the pentamer, the smaller basis set gives HF values that differ by up to 2.18 kcal/mol from those obtained with the higher basis set. The interaction energy of the dimer at the higher MP4(SDTQ)/6-31ϩG(d) level is 9.79 kcal/mol, which is very close to that at the MP2 level and same basis set. For computational convenience and given its relatively good performance, the interaction energies for the larger clusters were computed at the MP2/6-31ϩG(d) level. Table I shows that in general the HF stabilization energies are more negative than their MP2 counterparts. That is, correlation corrections to the interaction energies turn out repulsive for the systems considered. To rationalize this finding, we need to consider both the dispersion interaction, which is wholly a correlation effect, and the electron correlation correction to the electrostatic interaction between molecules. 35, 36 Since dispersion interaction energies are attractive, the overall repulsive correlation correction to the interaction energies is to be found in the electrostatic component of the interaction. To a first approximation, the correlation correction of the electrostatic interaction may be approximated by the electrostatic interactions between the correlation-corrected dipole moments of each interacting subunit. So, for example, the HF/6-31ϩG(d) average dipole moment of the (d f a) 2 and (d f a) 4 clusters are 7.61 D and 8.48 D, respectively, while the corresponding MP2 dipoles are 6.64 D and 7.50 D for dimer and tetramer, respectively. Because the average MP2 dipole for each cluster is over 0.95 D smaller than its SCF counterpart, the correlation correction to the electrostatics is repulsive in character. Since the electrostatic interaction is often large, the effect of electron correlation on it can be important in giving an accurate description of the interaction. This is particularly true for the diformamide clusters where the attractive character of the dispersion interaction is offset by the repulsive character of the correlation-corrected electrostatic interaction. Szczesniak et al. 37 found a similar result for the water dimer. These authors found that simple addition of dispersion energy to SCF interactions did not correctly reproduce the full correlation energy arising from MP2 calculations. The authors established that the electrostatic correlation correction was largely responsible for the discrepancy. Table II reports the dissociation energies of the clusters before, D e , and after, D 0 , zero-point vibrational energy corrections. Also shown are the corresponding average dissociation energies. The increase in the dissociation energies per hydrogen bond upon enlarging the size of the chain is significant. For example, while D e is 9.88 kcal/mol for the dimer, the average D e of the two bifurcated H bonds present in the trimer is 11.49 kcal/mol, i.e., an increase of about 16%. The corresponding increase for the decamer is about 47%. Expressed another way, cooperative enhancement stabilizes the average H-bond interaction in the decamer by about 42.24 kcal/mol; this is equivalent to adding 4.3 ''new'' bifurcated hydrogen bonds beyond the sum of pairwiseadditive dimer H bonds. The large increase of the average bond dissociation energy is a good indication of the extent of H-bond cooperativity.
IV. RESULTS

Energetics.
A convenient measure of energy cooperativity is given as
where Q is the property of interest. 
The corresponding cooperativity factor is cooperativityϭϪ8.67͑1/n ͒ϩ5.86. ͑5͒
Again, the asymptotic cooperativity values estimated from Eq. ͑4͒ ͑5.45 kcal/mol͒ and Eq. ͑5͒ ͑5.86 kcal/mol͒ are close to each other and lead to an average value of 5.66 kcal/mol which is in turn very close to the average estimate found for D e ͑5.94 kcal/mol͒. Thus, adding zero-point energy corrections does not have any significant effect on the cooperative energy estimated for the infinite size chain.
The energy required to dissociate a given (d f a) n cluster into various fragment clusters
is also frequently used to asses the cooperative enhancement of the H-bond interaction upon enlarging the size of the chain. Here n is the number of molecules in the chain, and b goes from 1 to 5 depending on the original cluster size n. This approach, which consists of breaking a single bifurcated H bond, gives higher weight to bulk like H bonds. The results at the MP2/6-31ϩG(d) level, without zero-point corrections, for the various clusters are displayed in Table III and in Fig. 3 . A substantial and progressive cooperative enhancement is manifested as the chain grows. For example, the energy to fragment a trimer into a dimer and a monomer is 13.10 kcal/mol ͑cooperative increase of 33%͒, and that to form a nonamer plus monomer from the decamer cluster is 15.91 kcal/mol ͑61% increase͒. The percentage enhancement increases dramatically for the more bulklike bifurcated H bonds. Figure 3 suggests that an asymptotic value for the cooperative increase should be close to 26.12 kcal/mol.
Geometries. Full geometry optimization shows perfectly symmetric bifurcated H bonds for each cluster. Cooperative effects bring about notorious changes on the intramolecular structural parameters of the diformamide molecule. The ex- tent of the changes depends on the size of the cluster and on the position of the molecule within the cluster. Table IV shows relevant bond distances for the optimized clusters. An increase in the r(N-H) and r(CvO) bond lengths and a concomitant decrease in the r(C-N) bond length is generally observed upon enlarging the size of the cluster. The structural parameters for the leftmost molecule in Cooperative effects are more evident in the interior molecules. Table V shows the bond lengths for the molecule   TABLE III 
Here n is the number of molecules in the chain, and b goes from 1 to 5 depending on the original cluster size. The intermolecular geometry changes are more prominent for the interior molecules reflecting the influence of strong cooperative effects. Table V shows the intermolecular parameters r(O¯H-N), and r(N¯N) for the interior molecules associated with the strongest interaction for a given n. Cooperativity effects give rise to significant reductions in both parameters for the trimer relative to dimer ͑ϳ0.076 Å͒, and for the tetramer relative to trimer ͑ϳ0.067 Å͒. Further appreciable reductions are still seen for the larger clusters. The trends in these parameters upon enlarging the cluster size can be illustrated by plotting their changes ͓⌬r(O¯H-N), and ⌬r(N¯N)], with the dimer as a reference system, versus 1/n, where n is the number of molecules. Figure 5 shows that the relative intermolecular reductions as a function of 1/n can be perfectly expressed in terms of simple quadratic polynomial equations. The quadratic correlations lead to an eventual r(N¯N) contraction of about 0.23 Å, and an r(O¯H-N) contraction of about 0.20 Å for nϭϱ. These asymptotic intermolecular contractions more than triple those found for nϭ3.
Based on the asymptotic contractions, a sufficiently large cluster is expected to have r(N¯N) and r(O¯H-N) intermolecular bond distances that are respectively 6% and 9% shorter than those expected from a noncooperative model based on the dimer geometry. These impressive changes reflect the ability of H-bond cooperativity to strengthen attractive forces so as to overcome steric and electrostatic repulsions expected from bringing several atoms, namely nitrogen and oxygen atoms, much closer to one another. Table IV shows a rather interesting contraction of the r(O¯H-C) distance as the chain grows. For instance, a reduction of up to 0.07 Å is found in the trimer. The contraction is more than twice in the dodecamer ͑ϳ0.18 Å͒. This significant decrease in r(O¯H-C) suggests that a secondary hydrogen bond interaction is taking place between each carbonyl oxygen atom of a diformamide molecule and a hydrogen atom attached to the carbonyl carbon of the next molecule as shown in Fig. 6 . This secondary interaction provides (d f a) n clusters (nϭ2 -12) . additional stability to the chain. The cluster can be viewed, therefore, as having a bifurcated H-bonding interaction between the amide hydrogen ͑H-N͒ of one molecule and the carbonyl oxygen atoms of the next molecule ͑usually termed bifurcated donor͒, and as having a secondary bifurcated hydrogen bonding interactions between the carbonyl oxygen atoms, the hydrogen atom from the amide group ͑H-N͒ and the hydrogen atoms from the carbonyl carbons ͑bifurcated acceptor͒. Dipole moments. Cooperative effects in the chain are expected to result in a sizeable enhancement of the dipole moment of the cluster. That is, the dipole moment of the cluster should be larger than the vector sum of the individual dipole moments of the isolated monomers. Table VI shows that this is indeed the case. The dipole moment per molecule in the chain, n /n, is enhanced by about 17% in the dimer and up to 40% in the dodecamer ͑from 6.68 to 9.35 D͒. In other words, the dipole moment of the dodecamer is about 32 D greater than would be expected from an additive dipole model. This result is echoed by the dipole cooperativity factor, measured in a manner similar to that for energies and shown in the fourth column of Table VI. The calculated dipole cooperativity for the largest cluster ͑2.91 D͒ is enhanced by about 57% with respect to that in the dimer ͑1.85 D͒. Another way to appreciate the enhancement of the dipole moment is by looking at the series n Ϫ nϪ1 Ϫ 1 . This term goes from 1.85 D in the dimer to 3.17 D in the dodecamer.
Harmonic stretching frequencies and intensities. Vibrational frequency shifts are commonly used to gauge the cooperative nature of H-bonding interactions. Upon H-bond formation, the N-H stretching frequency shifts to lower frequencies, and its intensity increases. The extent to which these changes are actually observable depends on the strength of the hydrogen bond. Cooperative effects strengthen the hydrogen-bond interaction and therefore give rise to considerable frequency shifts and intensity changes. The calculated harmonic N-H stretching frequencies as well as their intensification ratios are listed in Table VII . Another mode of vibration that is expected to vary upon formation of secondary hydrogen bonding is the C-H stretching mode. The symmetric C-H stretching modes are also listed in Table  VII .
With respect to the N-H stretches, there exists a spread of frequencies and intensities that depends on the size of the cluster. For any given cluster, the highest (N-H) frequency corresponds to the stretching of the free N-H bond. In the dimer, the lower frequency corresponds to the N-H bond participating in the hydrogen bond. For any other cluster, the frequencies are not so clearly identified with any particular molecule. A given N-H stretching frequency is rather associated with a collective motion of two or more N-H bonds. It should be said that not all N-H bonds are stretched to the same extent, or in the same direction. This helps explain the oscillating intensities of the (N-H) frequencies shown in Table VII . The most intense frequency in a cluster corresponds to the symmetric collective N-H stretching mode, i.e., N-H bonds stretched in the same direction and with two or more N-H bonds stretched to about the same extent. The intensity of this symmetric collective mode is increased with cluster size. This can be qualitatively rationalized in terms of the intermolecular charge transfer and associated dipole derivative. In a symmetric collective N-H stretching mode, the net overall effect will be to shift charge from one end of the chain to the other. This spatial charge displacement ͑and consequently the dipole moment derivative͒ grows cooperatively with the size of the cluster, resulting in an n-dependent intensity increase. On the other hand, a collective (N-H) FIG. 7 . Plots of stretching (N-H) and (C-H) shifts vs 1/n, where n is the number of molecules. The following correlations are found: cluster mode with N-H bonds stretched in opposite directions tend to have much lower intensity because of cancellation effects that result in a much smaller, if any, net displacement of charge. In fact, the intensity is reduced to zero in a cluster mode where half of the N-H bonds involved in the collective motion are moving in one direction, and the other half is moving in the opposite direction. Table VII shows that the free N-H bond frequency remains essentially unchanged whereas those of the more interior N-H bonds present sizeable shifts to lower frequencies. The redshift of the most intense mode varies from 47 cm Ϫ1 in the dimer to 169 cm Ϫ1 in the dodecamer. Similarly, the intensification ratio for the most intense band goes from 13 in the dimer to 256 in the dodecamer. That is, the intensification ratio is enhanced with respect to dimer by a factor of about 20 in the largest cluster considered.
With respect to the C-H stretches, there is a spread of frequencies each distinctively identified with a single molecule in the cluster. This is in contrast to the N-H stretches where each mode is the result of a collective motion of N-H bonds. Since each C-H frequency involves just one molecule, the intensity of the mode will depend mainly on the strength of the C-H¯O interaction and not on whether a collective motion of C-H bonds will result in a net change of dipole moment. As n increases, the C-H stretching modes are shifted upward and their intensities are somewhat reduced as shown in Table VII . For all clusters, the two lowest frequencies correspond to the free, non-H-bonded molecule and to the H-bonded terminal molecule, with the frequency of the free edge being a little higher. Insertion of additional molecules in the center of an already formed chain shifts these two frequencies to the blue. The converged (C-H) of the free end molecule ͑3036 cm
Ϫ1
͒ has a blueshift of 59 cm
. The corresponding blueshift of the H-bonded edge amounts to 46 cm Ϫ1 . Neither frequency shows significant reduction in intensity. The first (C-H) frequency listed in Table VII corresponds to the interior molecules associated with the strongest H-bond interaction. This is the most blueshifted frequency and also the one whose intensity is progressively reduced the most. This frequency reaches convergence at about 3081 cm Ϫ1 . This represents a blueshift of 104 cm Ϫ1 which is appreciably higher than in either terminal molecule.
The lowest (N-H) and highest (C-H) stretching frequencies as a function of cluster size are displayed in Fig. 7 . It is seen that the (N-H) and (C-H) shifts can be expressed in terms of quadratic polynomial equations. These equations lead to an asymptotic redshift of about 205 cm Average dissociation energies and frequency shifts. Figure 8 is a graph of shifts per bifurcated H bond of the of the lowest (N-H) and highest (C-H) versus the average dissociation energy. It is seen that the frequency shifts and D e /(nϪ1) are best fit by quadratic correlations. What is interesting about these correlations is that we can get estimates for the average dissociation energy in the limit of n ϭϱ. For sufficiently large n, the nonadditive character of the hydrogen-bond interaction is expected to show saturation 
which will result in negligible, if any, average frequency shifts for nϭϱ. In principle, we should get the same value regardless of which correlation is used. The quadratic correlation from (C-H) shifts predicts a limiting D e /(nϪ1) ϭ15.67 kcal/mol, and the quadratic correlation from (N-H) shifts predicts a limiting value of D e /(nϪ1) ϭ16.52 kcal/mol. The so estimated average dissociation energies are in very good agreement with the value of 15.62 kcal/mol obtained from the relationship between D e /(n Ϫ1) and 1/n ͑Fig. 2͒. 1 H -NMR shielding constants. Another spectroscopic technique that has shown great potential in investigating the presence and strength of a H bond is nuclear magnetic resonance ͑NMR͒. The calculated average isotropic shielding constants of the N-H and C-H protons as well as their chemical shifts (( 1 H) monomer Ϫ( 1 H) cluster ) are reported in Table VIII . The trends in the NMR ( 1 H) shielding constants as a function of cluster size are illustrated in Fig. 9 by plotting the computed average isotropic shielding constants of both N-H and C-H protons involved in hydrogen bonding versus 1/n, where n is the number of molecules in the cluster. A perfect linear correlation is found for both types of protons. The linear correlation in the N-H case leads to an asymptotic ( 1 H) value of 19.69 ppm, which represents a downfield chemical shift relative to the monomer of 5.39 ppm. In the C-H case, the predicted asymptotic value for ( 1 H) is 22.59 ppm corresponding to a downfield shift of just 0.65 ppm in tandem with the much weaker character of the C-H...O interaction. Some authors have suggested a threshold for significance of 0.5 ppm for two-center C-H...O interactions. 38, 39 Thus, a chemical shift between 0.40 and 0.65 ppm seems reasonable for a C-H proton interacting with an oxygen atom that is simultaneously having a relatively strong interaction with an N-H proton. the natural charges for each monomer unit in all clusters; the results are displayed in Table IX . All clusters show an asymmetric charge distribution where a somewhat greater charge magnitude is found at the positive end than at the negative end. For example, the charge magnitude at the positive end in the trimer (0.015 90e) is 2.6% greater than that at the negative end (Ϫ0.015 48e). For nϭ12, the charge magnitude at the positive end is about 4% greater. For a given cluster, the magnitude of the charge is considerably attenuated toward the interior of the chain.
Charge transfer from the positive end to the negative end of a given cluster results in a macroscopic dipole moment. The magnitude of this dipole is expected to increase with cluster size because the net charge transfer is also increased with chain length. This enhancement of the dipole is in agreement with the large cooperative dipole changes formerly discussed and shown in Table VI .
Perturbation theory energy analysis. A carefully examination of all possible interactions between ''filled'' ͑donor͒ Lewis-type NBOs and ''empty'' ͑acceptor͒ non-Lewis NBOs, allows us to get an estimate of their energetic importance by second-order perturbation theory. 40 For each electron donor NBO ͑i͒ and acceptor NBO ͑j͒, the stabilization energy E(2) associated with delocalization i→ j is estimated as
where q i is the donor orbital occupancy, i , j , are diagonal elements ͑orbital energies͒ and F(i, j) is the off-diagonal NBO Fock matrix element.
In the (d f a) n clusters, the transfer of electron density from the lone pairs of each oxygen atom in the proton acceptor, n O , to the antibonding orbital of the N-H bond in the proton donor, *(N-H), is seen to give the strongest stabilization energy. This is followed by the interaction between the oxygen lone pairs in the proton acceptor and the antibonding orbital of the C-H bond of the proton donor, which is consistent with the presence of a secondary H bonding. Table X displays Table X shows a sizeable cooperative enhancement with cluster size that correlates closely with the cooperative structural changes, binding energies, 1 H-NMR chemical shifts, and dipole enhancements discussed previously.
It is worth mentioning that electron density transferred from the electron donor subunit ͑Lewis base͒ B: into the antibonding * orbital of the electron acceptor ͑Lewis acid͒ A-H is often used to explain both the elongation and the redshift of the A-H bond in typical H bonds such as N-H•••O. Table XI shows the NBO electron occupancy as- 41 proposed a two-step mechanism to explain this new type of H bond also known as improper, blueshifting H bonding. An improper H bond shows an unexpected blueshift of the A-H stretch. The proposed mechanism involves electron density transfer from the proton acceptor to the remote part of the proton donor, causing it to structurally relax, which in turn leads to a shortening of the A-H bond, and to a blueshift in its stretching frequency. Such a mechanism may apply to the linear (d f a) n clusters where electron density can be transferred from the electron donor ͑proton acceptor͒ subunit to the remote oxygen atoms of the electron acceptor ͑proton donor͒ subunit. Table XI shows that the average oxygen lone pairs occupancy of the central molecule does increase with cluster size making the central molecule a better electron donor ͑or better proton acceptor͒.
V. SUMMARY AND CONCLUSIONS
Different indicators of H-bond strength investigated by means of ab initio calculations consistently show the existence of significant cooperative effects in a linear network of three-center bifurcated H bonds of the A 1 HA 2 type. Such positive cooperativity helps rationalize the common occurrence of three-center H bonds in the crystals structures of many molecular systems. Thus, although three-center H bonds can be viewed as a consequence of proton deficiency, in some cases they may also be viewed as the natural result of an interaction that is itself energetically favorable, and that by means of cooperativity enhancements may even compete with the more conventional two-center H bonds.
The model system considered here benefits greatly from delocalization of the nitrogen lone pair over the (OvC-N-CvO) system. Moreover, secondary H bonding between the oxygen atoms and the C-H protons provides additional stability to the network. Upon formation of the bifurcated H bond, the intramolecular N-H and CvO bonds lengthen while the N-C bond shortens. Also, the O¯O separation is reduced by up to 0.10 Å, and the intermolecular O¯N separation is reduced by up to 0.20 Å. This resonanceassisted delocalization facilitates the transfer of electron density from one molecule to another increasing the covalent character of this kind of hydrogen bonding.
The strong cooperative effects within one-dimensional chains of trans,trans-diformamide stress the need to develop molecular force fields that can provide a quantitatively accurate description of bifurcated H bonds. Some authors have suggested the use of a force field that includes inducible dipoles as well as fluctuating point charges. 42 Such a model should be able, for example, to account for the fact that the energies of the individual bifurcated H bonds within a chain depend on both the size of the chain and the position of the individual H bond in that chain.
The results of this study can provide more insight, for example, into the complexing behavior of other trans-trans acyclic imides. Imides and fluorinated imides that adopt the trans-trans conformation in their homomeric crystal forms almost always form infinite chains linked by symmetrical or unsymmetrical bifurcated hydrogen bonds. 43, 44 This affects the cocrystallization and molecular recognition properties of these imides. Consideration of how a H bond guest could compete with and displace the H-bond pattern of the homomeric trans-trans form prior to crystal nucleation is a useful way to predict imide cocrystallization patterns.
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